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ABSTRACT: Ettringite is a hexacalcium aluminate trisulfate 11 hydrate mineral that forms during Portland cement hydration. 12 Its presence plays an important role in controlling the setting 13 rate of the highly reactive aluminate phases in cement paste 14 and has also been associated with severe cracking in cured 15 hardened cement. To understand how it forms and how its 16 properties influence those of hardened cement and concrete, 17 we have developed a first-principles-based ReaxFF reactive agreement with published experimental data. To characterize the atomistic failure modes of ettringite, we performed stress−strain 26 simulations to find that Ca−O bonds are responsible for failure of the calcium sulfate and tricalcium aluminate (C3A) column in 27 ettringite during uniaxial compression and tension and that hydrogen bond re-formation during compression induces an increase 28 in plastic strain beyond the material's stress−strain proportionality limit. These results provide essential insight into 29 understanding the mechanistic role of this mineral in cement and concrete degradation, and the ReaxFF potential developed in 30 this work serves as a fundamental tool to further study the kinetics of hydration in cement and concrete.
INTRODUCTION
31 The trisulfate mineral ettringite, with chemical formula 32 Ca 6 [Al(OH) 6 ] 2 (SO 4 ) 3 26H 2 O, is a precipitate formed in 33 hydrated Portland cement as a result of the reaction of calcium 34 aluminate (A) with calcium sulfate (C), and its presence 35 depends on the ratio C3A. Changes in this ratio as well as the 36 permeability of ettringite to water and its reactions with other 37 chemical species (e.g., sulfates) affect its structural evolution 38 during cement hydration and, consequently, cement properties. 39 The formation of ettringite during the early cement hydration 40 stage plays an important role in controlling the setting rate of 41 the highly reactive aluminate phases. Its formation results in a 42 volume increase in the fresh, plastic concrete, which has also 43 been associated spatially with severe cracking in cured hardened 44 computed initially as 
RESULTS AND DISCUSSION
204 The geometries and energies of the species and complexes in 205 ettringite were calculated using DFT, and the ReaxFF force conformity of the model (see Figure 3 ).
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To determine the structural stability and conformity of our ∼4%, as shown in Table 6 . The total averaged RDFs and all of 246 f4
the RDF pairs were also calculated (Figure 4) , revealing Table 5 . Torsion Angle Parameters (V in kcal/mol) ∼11% tension, and sharply increases thereafter (Figure 8 ). The 
